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Continuous terahertz wave sources with narrow bandwidth and wide frequency tunability enable high-
resolution terahertz spectroscopy and high-speed information communication. In this study, using the
optical nonlinearity of excitons as the source of second-order nonlinear polarization, we realize a con-
tinuous terahertz electromagnetic wave demonstrating wide frequency tunability from 0.1 to 18 THz
without a decrease in intensity due to phonon scattering. Because of excitation of two exciton states in
a GaAs/AlAs multiple quantum well using two continuous-wave lasers, terahertz waves are emitted as a
result of difference-frequency mixing, where the intensity shows a square dependence on the excitation
intensity. Using the inhomogeneous width of exciton lines, we achieve wide frequency tunability without

phonon effects.
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I. INTRODUCTION

Excitons are good candidates for the source of vari-
ous optical devices [1,2]. While the exciton in bulk group
[I—group V semiconductors is said to be unstable at room
temperature because of the small binding energy, charac-
teristics such as the transition energy and the oscillator
strength can be controlled over a wide energy range.
The optical nonlinearity of excitons is particularly impor-
tant in device applications. When the second-order optical
nonlinearity of GaAs crystals is focused, it is studied
by observation of second-harmonic generation [3—7]. The
second-order nonlinear optical polarization also causes
difference-frequency mixing (DFM). The DFM process is
a good wavelength-conversion method for generating ter-
ahertz electromagnetic waves [8—14], and therefore the
enhancement of the second-order polarization is vital. For
example, a perturbation such as an electric field is used
to enhance the polarization by breaking the envelope-
function symmetry [10,15], which generates longitudinal
polarization. Furthermore, the electric field enhances the
second-order nonlinear polarization via third-order opti-
cal nonlinearity, P(w; & @2) = x P E(w)E (w)E(0) [16],
where x @ is the third-order nonlinear susceptibility, e is
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the frequency, and E is the electric field. Therefore, the
electric field is important.

Although quantum-cascade lasers are the most-well-
established continuous-wave terahertz sources [17,18], we
focus on DFM using two external lasers. While it is dif-
ficult to change the frequency of quantum-cascade lasers
considerably, the DFM frequency can be easily changed by
the tuning of the energy separation of the two lasers. More-
over, a photomixer is a good converter of light to terahertz
waves via the DFM process [8,13]; however, strong fre-
quency dependence has been demonstrated. Considering
the inhomogeneous width in quantum-confinement sys-
tems, the use of excitons in nanostructured semiconductors
can be a good candidate for wide frequency tuning. By
the breaking of the envelope-function symmetry caused by
the applied field, the second-order nonlinear polarization
of the excitons is enhanced, and the third-order nonlinear
polarization will assist the enhancement. The advantage
of using DFM is that while DFM using photoconductive
antennas shows a large fall in intensity with increase in
the frequency [8,9,13], the optical nonlinearity of exci-
tons will maintain the intensity over a wide frequency
range within the inhomogeneous width. Continuous-wave
terahertz sources with a narrow spectral width and wide
frequency tunability will be applied in high-resolution ter-
ahertz spectroscopy and information communication. In
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this study, we demonstrate the wide tunability of a con-
tinuous terahertz wave generated by the DFM process
under exciton-excitation conditions in a GaAs/AlAs multi-
ple quantum well (MQW). When two lasers are described
as Eyexpli(kix — w?)] and E; expli(kox — w;t)], the ter-
ahertz wave generated by the DFM process is described
as E\E; expli(k; — ky)x — i(w; — wn)f] or E\E; expli(k, —
k1)x — i(wy, — w1)t], where E; and E, are the amplitude
of laser light, ¢ is time, k; and k, are the wavevectors,
and x is the position. On the basis of this relationship,
the terahertz wave emitted along the direction of k; — &
(ky — k1) is detected. When the two laser directions are the
same, the direction of the terahertz wave is the same as the
direction of the lasers. The excitation-energy dependence
shows the resonant profile at the heavy-hole- (HH) exciton
energy. At the light-hole- (LH) exciton energy, the increase
in the excitation intensity leads to the appearance of the
terahertz wave by the DFM process. The intensity also
shows a square dependence on the excitation intensity in
the exciton-excitation conditions. This square dependence
originates from the second-order nonlinearity because the
amplitude of the terahertz wave is given by £ E,, as men-
tioned above. We examine the generation of the continuous
terahertz wave in a wide frequency region from the per-
spective of exciton resonant effects in the inhomogeneous
width.

II. EXPERIMENTS

We use an undoped GaAs/AlAs MQW embedded in
a p-i-n structure on a (001) n*-doped GaAs substrate
grown by molecular-beam epitaxy. The thickness of the
surface p-doped GaAs layer with a doping concentra-
tion of 1x 10 ecm™' is 50 nm and that of the n-
doped Aly4GaggAs layer with a doping concentration of
3 x 10" cm~! is 1500 nm. The MQW consists of 30 peri-
ods of GaAs and AlAs layers whose thickness is 7.35
nm. The 50-nm p-doped layer can reduce the absorption
by the carrier and maintain the electric field [19]. The
built-in field estimated from the doping concentrations is
20.6 kV/cm. The measurements of the terahertz wave are
performed at 297 K. A semiconductor laser with a fixed
photon energy of 1.506 eV and a continuous-wave mode
Ti:sapphire laser (to change the excitation photon energy
from 1.460 to 1.580 eV) are used; these are referred as L;
and L,, respectively. The typical laser line widths of L; and
L, are 0.21 and 0.14 meV, respectively. The experimen-
tal setup is shown in Fig. 1. The two beams are combined
on a half mirror in free space with the same polarization,
and the combined beam is focused on the sample surface
through a hole in the off-axis parabolic mirror by a poly-
methylpentene lens, which is also used to collimate the
emitted electromagnetic wave. A Si wafer is used to elim-
inate the contribution of the laser light to the signal. The
excitation power is controlled by a variable neutral-density
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FIG. 1. The experimental set-up. Two laser beams are com-
bined on a half mirror.

filter. The terahertz signal is detected by a pyroelectric
sensor (THZ2I-BL-BNC, Gentech-EO) and amplified by
a lock-in-amplifier at 5 Hz. The exciton energies are
evaluated from the conventional photoluminescence and
photoreflectance spectra.

ITI. RESULTS AND DISCUSSION

Figure 2(a) shows the dependence of the signal inten-
sity on the photon energy of L,. The photon energy of L;
is constant at 1.506 eV, corresponding to the HH-exciton
energy (as indicated by the vertical arrow). The broken
vertical lines indicate the HH- and LH-exciton energies
evaluated from the photoluminescence spectrum shown in
Fig. 2(b). While the excitation intensity of L; is kept at
3.40 kW/cm?, the excitation intensity of L, is altered. A
exciton density of approximately 10'* cm™> for one laser
is assumed in this excitation-intensity region. In all con-
ditions, the resonant peak is observed at the HH-exciton
energy. In general, in semiconductors with zinc-blende
structure, the oscillator strength of the HH exciton is
3 times larger than that of the LH exciton. Therefore,
when the signal intensity simply depends on the oscilla-
tor strength, the peak structure should be also observed at
the LH-exciton energy. However, the peak structure is not
clear at the LH-exciton energy. Furthermore, the intensity
increases around 1.56 eV. In the photoreflectance spec-
trum, the signal due to the transition from the HH subband
with a quantum number of 2 (HH2) to the electron subband
is observed. Therefore, the increase in the intensity results
from the resonant effect on this exciton state. As indicated
by the horizontal arrows, the wider tunability of the tera-
hertz wave is realized without the phonon dip at around 8.8
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FIG. 2. (a) Signal intensity as a function of L, photon energy
with various L, intensity settings. The L; photon energy is indi-
cated by the vertical arrow and the power is kept at 3.40 kW /cm?.
As indicated by the closed circles, open squares, and open cir-
cles, the L, intensity is changed to 3.40, 10.2, and 17.0 kW /cm?,
respectively. The broken lines indicate the exciton energies of
the HH and LH excitons. (b) The photoluminescence (PL) and
photoreflectance spectra.

THz, which is the frequency of a longitudinal optical (LO)
phonon in GaAs.

When the signals originate from the terahertz wave
generated by the DFM process, the intensity depends on
the square of the excitation intensity, where the maxi-
mum excitation intensity is limited by the L; output. The
excitation-intensity dependence is measured as shown in
Fig. 3(a). While the lasers are tuned to the HH- and LH-
exciton energies, the intensity ratio is changed from 1:1 to
1:5. The broken lines indicate the gradient of the square
dependence, and the vertical gray line represents the mea-
surement conditions in Fig. 2(a); for example, the result
at 17.0 kW/cm? in Fig. 2(a) corresponds to a ratio of 1:5
(indicated by the red circles on the vertical line). The signal
intensity in all conditions shows the square dependence of
the excitation-intensity after showing a linear dependence.
This result demonstrates that the signal with a square
dependence originates from the terahertz wave caused by
the DFM process due to the second-order optical nonlin-
ear polarization. Thermal radiation due to exciton and/or
carrier-phonon interaction contributes significantly to the
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FIG. 3. (a) Excitation-intensity dependence of the signal inten-
sity. The broken lines indicate the gradient of the square depen-
dence. The open triangles, open blue circles, and closed red
circles indicate the intensity measured at ratios of 1:1, 1:3, and
1:5, respectively. (b) The threshold value as a function of the
laser-intensity ratio.

signals observed in the linear-increase region; for example,
the signals of 3.40 and 10.2 kW/cm? at the LH-exciton
energy.

The shift of the threshold value appearing as the square
dependence of the lower L, powers in Fig. 3(a) suggests
the effects of the oscillator-strength ratio of the LH and HH
excitons. The threshold value is plotted as a function of the
ratio of laser powers in Fig. 3(b). When the L, intensity
is more than 3 times greater than that of L;, the threshold
intensity of L; decreases. Considering that the oscillator
strength of the HH exciton is 3 times greater than that of
the LH exciton, this decrease results from the ratio of the
exciton-oscillator strengths between the HH and LH exci-
tons. The intersubband transition is also the origin of the
shift. Namely, in addition to the difference in the oscillator
strengths, because of the intersubband transition, the life-
time and/or dephasing time of the LH exciton is shorter
than for the HH exciton, so a larger excitation power of L,
is required. Furthermore, the signal intensity at the HH2-
exciton energy is larger than that at the LH-exciton energy.
Considering that the oscillator strength of the HH2-exciton
is smaller than that of the LH exciton, there is a possibility
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FIG. 4. Excitation-intensity dependence of the signal intensity.
The broken lines indicate the gradient of the square dependence.
The open triangles, open blue circles, and closed red circles
indicate the intensity measured with ratios of 1:1, 1:3, and 1:5,
respectively.

that the difference in the Bloch-function forms between the
heavy and light holes is related to the intensity.

Under the HH-exciton-excitation condition, the effect of
the second-order nonlinear polarization is stronger. The
excitation-density dependence is shown in Fig. 4, and the
vertical gray line represents the measurement conditions
in Fig. 2(a). When both intensities are the same, the inten-
sity increases with the square of the power. This square
dependence is not observed under the orthogonal polar-
ization condition, as shown in Fig. 5, which is measured
with an excitation-intensity ratio of 1:1. This result indi-
cates that the signal at the HH-exciton energy in Fig. 2(a)
originates from the terahertz wave. Here, considering that
the thermal emission does not depend on the laser polar-
ization, the intensities in both conditions are the same.
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FIG. 5. Excitation-intensity dependence of the signal inten-
sity measured under the different polarization conditions. The
excitation-intensity ratio of the two lasers is 1:1.

However, even in the low-excitation-intensity region, the
terahertz wave weakly contributes to the signal, and the
thermal effect is superior to the effect of the terahertz wave.
Therefore, the signal shows a linear dependence and is
larger than that measured under the cross-polarization con-
dition. These results demonstrate that the exciton number
is closely related to the terahertz intensity.

The frequency of the terahertz wave can be measured
with a Fabry-Perot interferometer that consists of two sili-
con wafers. By changing the distance between the wafers,
we measure the interference signals, as shown in Figs. 6(a)
and 6(b). The laser spectra are shown in the insets. To esti-
mate the frequency, the spectra are fitted with a Gaussian
function. The laser-intensity ratio in both measurements
is 1:3. The terahertz signal is fitted with a sine func-
tion, and the fitting results are shown as solid curves. The
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FIG. 6. The interference signal measured by the Fabry-Perot
interferometer are indicated by the closed circles. The solid
curves indicate the fitting results by the sine function. The insets
are the laser spectra indicated by the closed circles and the results
of the Gaussian fitting indicated by the solid curves. Both signals
are measured with an excitation-intensity ratio of 1:3.
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value of the horizontal axis is twice the wafer separa-
tion. The evaluated frequencies are 1.29 and 13.63 THz
in the cases in Figs. 6(a) and 6(b), respectively. These
almost agree with the frequencies estimated from the laser
spectra. Therefore, the signals originate from the terahertz
wave by the DFM process. However, the interference pat-
tern is not strong. As the reasons, the small reflectivity of
the silicon and thermal radiation are considered. The sup-
pression of this thermal radiation should be solved for the
application.

In Fig. 2(a), there is no intensity dip due to the LO
phonon whose energy is approximately 37 meV, which is
one advantage of using excitons to realize wide frequency
tuning. When the second-order nonlinear polarization is
generated by the electron-hole pair with use of photo-
conductive antennas, the intensity decreases beyond the
LO-phonon frequency. The terahertz wave in the LO-
phonon-frequency range cannot be emitted because of
the absorption and Reststrahlen band [20]. However, as
demonstrated by the horizontal arrows in Fig. 2(a), the use
of excitons enables wide frequency tuning up to 18 THz.
Since the terahertz emission obtained with photoconduc-
tive antennas is based on the drift current due to an external
bias in most cases, scattering carriers by phonons decreases
the intensity. On the other hand, with use of excitons in
quantum well (QW) systems, the excitons related to the
terahertz-wave emission are in different QWs, and the exci-
ton interference generates the terahertz wave. This point
(i.e., the interference occurs between the different QWs)
may reduce the effect by the Reststrahlen band, which
will need further study. Namely, wide frequency tuning
is realized by use of exciton interference. In quantum-
confinement systems, the fluctuation of the well width is
unavoidable, which leads to the inhomogeneous width.
Therefore, the HH exciton of a QW of nominal thickness
and the LH or HH excitons in QWs of different thicknesses
are excited under the excitation conditions of the energy
separation corresponding to the LO-phonon energy. The
interference of those excitons generates the terahertz wave.
This is the reason why the intensity dip is not observed in
our experiment.

In addition, although there are several absorption lines
of water vapor [21,22], the absorption hardly affects the
intensity profile in Fig. 2(a), where the measurement is
made in a room with ambient humidity of less than 50%.
As the reasons, the energy separation is not fine, and the
line width of the terahertz wave may be broader than that
of the water lines.

In terms of efficiency, with powers of L; of 3.40
kW/cm? and L, of 3,4, 10.0, and 17.0 kW/cm? in
Fig. 2(a), a terahertz-wave intensity of approximately 36,
72, and 104 nW is achieved. Hence, an efficiency of
607, 404, and 350 ,uW/W2 is estimated, which suggests
that the thermal effect reduces the efficiency. Considering
that only the asymmetric envelope function caused by the

quantum-confined Stark effect due to the built-in field is
used, the efficiency can be regarded as high.

IV. CONCLUSION

We investigate the generation of a continuous terahertz
wave with wide frequency tunability in the exciton-energy
region of a GaAs/AlAs MQW. When the lasers excite
the excitons, the terahertz wave is generated by the DFM
process. The laser-energy dependence shows a frequency
tuning range of 18 THz without an intensity decrease
caused by the LO phonon. Furthermore, in addition to the
exciton-oscillator strength, the exciton dephasing is closely
related to the terahertz intensity. We can expect further
intense terahertz generation due to the optimization of the
structure. Therefore, considering that the line width of the
terahertz wave is determined by the line widths of the
excitation lasers, a wide-frequency tunable terahertz wave
source with a narrow line width will be realized with the
DFM process based on excitons, for instance, which can
be applied for high-resolution terahertz spectroscopy.
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